The recruitment of modular developmental genetic components into new developmental contexts has been proposed as a central mechanism enabling the origin of novel traits and trait functions without necessitating the origin of novel pathways. Here, we investigate the function of the hedgehog (Hh) signaling pathway, a highly conserved pathway best understood for its role in patterning anterior/posterior (A/P) polarity of diverse traits, in the developmental evolution of beetle horns, an evolutionary novelty, and horn polyphenisms, a highly derived form of environment-responsive trait induction. We show that interactions among pathway members are conserved during development of Onthophagus horned beetles and have retained the ability to regulate A/P polarity in traditional appendages, such as legs. At the same time, the Hh signaling pathway has acquired a novel and highly unusual role in the nutrition-dependent regulation of horn polyphenisms by actively suppressing horn formation in low-nutrition males. Down-regulation of Hh signaling lifts this inhibition and returns a highly derived sigmoid horn body size allometry to its presumed ancestral, linear state. Our results suggest that recruitment of the Hh signaling pathway may have been a key step in the evolution of trait thresholds, such as those involved in horn polyphenisms and the corresponding origin of alternative phenotypes and complex allometries.
co-option | modularity | developmental plasticity | allometry | threshold trait U nderstanding the genetic and developmental mechanisms underlying the origin and diversification of novel, complex traits is a fundamental objective of evolutionary biology. The recruitment of modular developmental genetic components into new developmental contexts has been proposed as a central mechanism enabling the origin of novel traits without necessitating the origin of novel genes or developmental pathways (1, 2) . At the same time, redeployment of "old" genes and pathways into novel developmental contexts has the potential to create critical new opportunities for morphological diversification: for example, the recruitment of appendage patterning genes has played a key role in the origin of butterfly eye spots, a remarkable evolutionary novelty (3) . Moreover, by being placed in the context of wing patterning, the further evolution of eye spot formation could exploit preexisting patterning mechanisms, ultimately enabling eye spot formation to diversify depending on which wing, wing surface, or position it has occurred (4). Therefore, newly deployed gene regulatory networks can contribute to both macroevolution (e.g., butterfly eyespot generation) and microevolution (e.g., diversification of the eyespot pattern).
One particularly significant axis of diversification receiving growing attention from evolutionary and developmental biologists concerns environment-responsive trait formation (5, 6) . Environment-responsive development or developmental plasticity is ubiquitous across trait types and taxa and creates especially significant evolutionary degrees of freedom for novel, complex traits (5, 7). Here, polyphenic development-the most extreme case of developmental plasticity, whereby environmental factors cue the development of two or more discrete morphs or castes-has become increasingly recognized for its importance as a potential facilitator of adaptive radiations (8) . For instance, in many butterfly species, seasonal conditions critically alter selective environments, and seasonal sensitivity in eye spot formation is able to adjust wing phenotypes, thereby maintaining high fitness across fluctuating environments (9) . Similarly, environment-dependent induction of carnivory in spadefoot toad tadpoles (10, 11) or tooth formation and bacterial predation in nematodes (12) , two striking and complex evolutionary novelties, greatly affect the adaptive significance of each innovation, thereby facilitating their adaptive radiations (13) . Here, we investigate the functional significance of the Hedgehog (Hh) signaling pathway, a deeply conserved cellular transduction pathway, in the development of beetles horns, a striking evolutionary novelty (14) , and specifically, the origins of environment-responsive horn formation, alternative male phenotypes, and body size thresholds, emergent phenotypes that have greatly impacted patterns of morphological radiation among horned beetles (15) (16) (17) .
Several thousands of species of horned beetles exist worldwide, with the greatest diversity found in the rhinoceros (Dynastinae) and scarab (Scarabaeinae) beetles, two subfamilies that independently evolved horns. Beetle horns are primarily used as weapons in male competition (18) , restricted to or greatly exaggerated in males (19) , and in most species studied thus far, greatly affected in their development by the nutritional conditions experienced during the larval stage (20) . Here, the evolution of nutritional responsiveness in the context of horn formation is thought to have played an Significance Complex, nongradual responses to environmental conditions are commonplace in nature and perhaps most extreme in polyphenic insects where continuous variation in nutrition experienced in early development gives rise to discrete alternative castes or morphs. This research shows that the hedgehog (Hh) pathway has acquired a novel and highly unusual role in the nutritiondependent regulation of polyphenic development of a beetle. Experimental repression of Hh signaling returns a highly discontinuous response to nutrition to its presumed ancestral, gradual state. Our results suggest that recruitment of the Hh signaling pathway may have been a key step in the evolution of trait thresholds and the corresponding origin of alternative phenotypes and complex allometries.
especially critical role in horned beetle diversification by (i) enabling the evolution of some of the most extreme examples of condition-dependent exaggerated male secondary sexual traits (21); (ii) facilitating the origin of horn polyphenisms and discrete hornless sneaker and horned fighter morphs adapted for alternative reproductive niches (18) ; (iii) establishing sharp threshold body sizes that decouple alternative developmental trajectories and enable the integration of two separate, complex, disparate male phenotypes from the same genome (16, 22) ; and (iv) contributing to the enormous radiation of horned beetles through the evolution of morph-specific morphologies, behaviors, and physiologies and the diversification of size thresholds, perhaps best illustrated in the >2,000 species-rich genus Onthophagus (16, 17, 19, 23) .
Previous studies have shown that horn development is instructed by many of the same genes that regulate the formation of regular appendages, such as leg gap genes (14) , that nutrition responsiveness of horn development may be coupled to insulin signaling (24, 25) , and that sex-and morph-specific horn exaggeration may be facilitated by doublesex (dsx), a master regulator of somatic sex determination (23, 26, 27) . However, how beetle horns achieve their strikingly dimorphic expression in many species and the developmental mechanisms that enable the definition of a sharp body size threshold separating alternate morphs from what is presumed to be a continuous range of nutritional conditions are entirely unknown. Here, we investigate the function of the Hh signaling pathway, a highly conserved pathway best understood for its role in patterning anterior/posterior (A/P) polarity in body segments and appendages (28, 29) , in the development of horns, horn polyphenisms, and threshold body sizes. Specifically, we show that, although interactions among pathway members remain conserved and involved in regulating A/P polarity in traditional appendages, such as legs, the Hh signaling pathway has acquired a novel and highly unusual role in the nutritiondependent regulation of horn polyphenisms by actively suppressing horn formation in low-nutrition males. Our results suggest that recruitment of the Hh signaling pathway may have been a key step in the evolution of trait thresholds, such as those involved in horn polyphenisms and the corresponding origin of alternative phenotypes and complex allometries.
Results and Discussion
To investigate the role of the Hh pathway in Onthophagus development, we first cloned fragments of Onthophagus taurus hh (the morphogen in the absence of which Hh signaling is deactivated), patched (ptc; the Hh receptor that inhibits Hh signaling unless bound to Hh protein), and smoothened (smo; a membrane protein that, in the absence of Hh protein, is constitutively inhibited by ptc but disinhibited in the presence of Hh, thereby activating the pathway) using sequence data from an earlier study (30) . Below, we describe the effects of dsRNA injections beginning with their role in the regulation of general postembryonic development and followed by their function in the context of horn morphogenesis, focusing on nutrition-sensitive horn formation. We discuss the implications of our results for our understanding of the origin of environment-sensitive trait formation and the evolution of trait thresholds and nonlinear allometries.
Functional Significance of the Hh Pathway in Late Onthophagus
Development. RNAi-mediated knockdown of hh and smo resulted in overall similar phenotypes, consistent with their presumed position within the Hh pathway and suggesting that the functions of both genes are at least partly overlapping (Fig. 1) . After smo RNAi , animals exhibited a survival rate of 32% (98 of 305). We observed developmental defects in legs and wings (56 of 64 males and 28 of 34 females showed defects in either one or both appendage types) ( Fig. 1 and Fig. S1 ). For instance, compared with control-injected animals, the tibia and femur of smo RNAi animals were more slender, the ventral bristle patterning of the femur was disrupted and reduced, and the coxa was disproportionately shorter ( Fig. 1 A and B and Fig. S1 ). Moreover, legs in animals with severe knockdown phenotypes became fully vestigial. These results suggest that smo plays an important role in appendage formation beyond embryogenesis and well into prepupal and pupal development (Table S1 shows a summary of RNAi phenotypes).
The development of the first thoracic sternellum (nomenclature follows refs. [31] [32] [33] [34] [35] was also affected by smo RNAi in a direction similar to but more severe than in hh RNAi animals ( Fig.  1) . In some animals, the sternal region was clearly separated into two parts, with additional defects in the ventral posterior regions (epimeron) (Fig. 1B) . Specifically, 54 of 64 males and 28 of 34 females showed defects in this region. In contrast, the dorsal prothorax exhibited prominent bulging of the anterior pronotum (52 males and 24 females) ( Fig. 1 H and K) and an anterior shift of the pronotal edge (dashed lines in Fig. 1 D-F) .
In Drosophila, inactivation of hh during larval development causes abdominal bristles to exhibit a mirror image double-anterior pattern, suggesting that the Hh signaling pathway is required to establish and maintain the A/P axis within body segments (36) . However, we failed to observe any obvious anteriorization in the posterior regions of any thoracic segments in smo RNAi animals. Instead, the posterior portion of the prothorax (epimeron) showed obvious malformation (Fig. 1B) . This result suggests that smo's function in late Onthophagus development is to redefine the borders between subsegmental regions within the prothorax. Furthermore, smo
RNAi resulted in the development of reduced compound eyes in 43 of 64 males and 22 of 34 females, a phenotype that parallels hh inactivation in Drosophila (compare Fig. 1P with Fig.  1Q ) (refs. 28 and 29 discuss corresponding Drosophila phenotypes).
After hh RNAi , 48% (61 of 126) of injected larvae survived and emerged to adults. Of those 61, 45 (27 males and 18 females) exhibited similar but generally weaker developmental defects in appendages (legs and/or wings) compared with smo RNAi animals. Collectively, these results indicate that hh and smo are involved in largely overlapping processes critical for proper pupal and adult appendage and segment differentiation in Onthophagus.
ptc dsRNA injection also resulted in strong but largely opposite phenotypic consequences compared with hh RNAi and smo RNAi ( Figs. 1 and 2 ). Here, 57% (27 of 47) of animals survived, and almost all (26 of 27 animals; 14 males and 12 females) showed significant developmental defects in appendages and/or the prothorax. In contrast to the more slender tibiae and femurs observed in smo RNAi individuals, ptc RNAi animals developed much broader, wider legs along the A/P axis, with the most extreme phenotypes being observable in the proximal femur. Here, we also observed extended transverse rows of bristles on anterior prothoracic femurs (S1). These results suggest that ptc plays an important role in facilitating proper axis formation during leg development but that this role is different from and largely opposite to those of smo and hh.
Prothoracic development was also affected by ptc RNAi in ways largely opposite to what we had observed for hh RNAi and smo RNAi . Specifically, the prothoracic sternum ( Fig. 1 A and C) was severely malformed and reduced, resulting in the detachment of the sternum from the pleural region. The anterior region of the prothoracic episternum was also reduced in ptc RNAi animals ( Fig.  1 A and C) . Most animals showed one or both of these phenotypes. Furthermore, animals exhibited a reduction or complete loss of the prothoracic horn in pupae (Fig. 2D) . Along with this developmental defect in the prothoracic horn, adults exhibited severe malformation of the anterior pronotum (12 males and 9 females) (Figs. 1 F, I , and L and 2D). In addition, we observed ectopic bristles on the anterior edge of the pronotum (compare with Fig. 1 J-L) . Lastly, unlike smo RNAi , ptc RNAi did not seem to affect eye formation; however, a particular part of the head immediately adjacent to the eyes (arrows in Fig. 1 M-O) failed to develop its proper shape in 11 males and 7 females, suggesting that ptc may be involved in the head subsegmental area specification.
Taken together, our results suggest that the Hh pathway plays fundamental roles during late postembryonic development in Onthophagus, particularly with respect to pupal/adult appendage formation and the establishment and redefinition of pupal/adult subsegmental regions within the prothorax and head.
Genetic Relationships Between hh, smo, and ptc. RNAi phenotypes obtained in this study suggest that hh and smo possess similar function during Onthophagus development. In contrast, ptc RNAi generated very different and in part, opposite phenotypes. For example, smo RNAi mostly affected the posterior region of the prothorax and resulted in reduced legs, whereas ptc RNAi animals lacked the anterior prothoracic region and developed thicker femurs and tibiae (S1). These results match expectations derived from the functional relationships between hh, smo, and ptc as documented in other taxa (37) [i.e., the hh gene product inhibits the function of ptc (the receptor for Hh), which in the absence of Hh, inhibits Smo (membrane protein)]. To further examine whether the genetic relationships among these three genes is as conserved in Onthophagus as it is in other taxa, we performed double knockdowns. Specifically, we predicted that, if the genetic relationship among hh, ptc, and smo is conserved, then double-RNAi phenotypes should correspond to the most downstream pathway component. We observed that hh/smo RNAi resulted in the same phenotypes seen in smo RNAi individuals, whereas hh/ptc RNAi resulted in phenotypes closer to those seen in ptc RNAi individuals (Fig. S2) . Both results are consistent with a conservation of the genetic relationship among the three pathway members, supporting the notion that the genetic relationships within the Hh signaling pathway in Onthophagus are likely conserved compared with those in other taxa, including Drosophila.
Functional Significance of Hh Signaling in the Development of Horns
and Horn Polyphenisms. Paralleling the phenotypic effects described above, hh RNAi and smo RNAi resulted in similar horn phenotypes. However, neither horn location nor shape was affected in these animals; rather, hh RNAi and smo RNAi affected horn size. Furthermore, this effect was limited to males of small body size that had experienced suboptimal feeding conditions. Control-injected males, like WT males, only develop a full set of head horns when nutritional conditions allow them to reach or exceed a critical body size threshold (in this research, around 5.3 mm in pupal thorax width) (Fig. 3A) . Male larvae that fail to reach this threshold size metamorphose into smaller, largely hornless morphs. However, almost all smo RNAi males developed large head horns, including small individuals normally fated to remain hornless (t 31 = −5.80; P < 0.0001). We observed a similar, albeit less extreme, effect in hh RNAi males (Fig. 3A) (t 58 = −3.81; P = 0.0031). The apparent linearization of the allometry among smo RNAi animals precluded additional comparison with control-injected males. However, pairwise comparison of individual model parameters was possible between control-injected and hh RNAi animals and found a highly significant difference in the allometric slope at the inflection point of the sigmoidal scaling relationship (t 73 = 2.75; P < 0.0001) but not at any other model parameter (Fig. 3A) .
Lastly, a partly corresponding effect was observed in pupal thoracic horns. Like all other species studied so far, O. taurus pupa develop a horn on the pronotum, which aids in the shedding of the larval head capsule during the larval to pupal molt (38) . However, in a subset of species, including O. taurus, the pupal thoracic horn is fully resorbed before the adult molt (39) . In WT as well as control-injected animals, this pupal thoracic horn scales linearly with body size, whereas smo RNAi animals developed significantly longer horns relative to their body size compared with control-injected individuals (Fig. 3B ) (ANCOVA on log-transformed data: F treatment = 115.88; P < 0.0001; F treatment×size = 98.97; P < 0.0001). Similarly, although hh RNAi males exhibited thoracic horn scaling relationships matching those of control-injected individuals for most of the body size range, males of intermediate body sizes around the body size threshold for head horns (∼5.3 mm) had a tendency to also develop greatly exaggerated thoracic horns, resulting in significant differences in horn length residuals between control-injected and hh RNAi males (Fig. 3B ) (residual analysis: t 37 = −3.16; P = 0.0031).
In contrast, ptc RNAi resulted in a horn phenotype largely opposite to those generated by hh RNAi and smo RNAi ( Fig. 1 N and  O) . Note that, because ptc RNAi also affected the prothorax to a degree that rendered it no longer useable for precise body size estimation, we were unable to quantify the exact relationship between horn length and body size. However, in all ptc RNAi males (n = 14), not a single individual exhibited fully developed head horns regardless of overall body size, including in individuals of approximately similar or larger body size than their fully horned control-injected counterparts. Similarly, pupal prothoracic horns were reduced in size or in some cases, missing completely in both males and females (Fig. 2B) . Taken together, our RNAi results, therefore, suggest that hh and smo inhibit horn development in small, low-nutrition males, whereas ptc promotes horn formation, at least in high-nutrition individuals.
Developmental Evolution and Integration of Nutrition Sensitivity, Allometry, and Threshold Sizes. Signal transduction pathways have been proposed to constitute developmental/genetic modules that, on one side, maintain a high level of conservation within, whereas on the other side, are easily dissociated from their original biological process and co-opted into novel developmental contexts, where they can then facilitate the evolution of novel traits and trait characteristics (40) . Previous work suggests that polyphenic, sigmoidal relationship between body size and horn size evolved from linear and isometric scaling relationships (16) . Recent work has implicated the sex determination gene dsx in promoting horn formation in males subject to optimal nutritional condition in both the rhinoceros beetle Trypoxylus dichotomus (which exhibits a linear, highly positive allometry) and O. taurus (which exhibits a more derived sigmoidal allometry, including a sharp body size threshold separating alternative male morphs). In both taxa, dsx seems to play a critical role in the nutrition-dependent exaggeration of horn growth, and several studies suggest further that insulin signaling, juvenile hormone signaling, or a combination of the two may interact with dsx and sensitize dsx action to nutritional conditions (24, 25, 27) . This research highlights a third highly conserved but previously overlooked pathway, the Hh signaling pathway, whichlike dsx signaling-has been co-opted into the regulation of horn development and acquired nutrition sensitivity in the process but exerts its regulatory function in, to the best of our knowledge, a thus far unprecedented manner, namely by actively inhibiting horn growth in low-nutrition individuals only (Fig. 4A) .
Intriguingly, these findings raise the possibility that a combination of dsx-mediated promotion of horn growth under high nutrition and Hh signal-mediated inhibition of horn growth under low nutrition may have played a critical role in the evolution of sigmoid allometries and the origin of critical size thresholds, thereby enabling the evolution of discrete, alternative, nutritionally cued morphs common in the genus Onthophagus (Fig. 4B) . Exactly how these pathways interact with each other as well as nutrition-sensing and location-determining pathways represents an exciting area for future research. For example, recent work on beetles and social insects implicate the insulin pathway, juvenile hormone, and methylationmediated signaling through the EGF receptor pathway as putative candidates by which growth could become coupled to nutrition (24, 25, (41) (42) (43) . More generally, our results suggest that, during the evolution of novel traits, gene co-option and mode of functional modification of co-opted gene networks can be remarkably dynamic, allowing highly conserved modules to acquire new roles in the development of novel traits and trait characteristics.
Materials and Methods
Beetle Care. O. taurus was collected near Chapel Hill, North Carolina, and Bloomington, Indiana to establish a laboratory colony. About 300 adults per colony were kept at 25°C in a sand/soil mixture at a 16-h:8-h light:dark cycle. Animals were fed homogenized cow manure twice a week. To obtain larvae, a set of five females and three males were selected from the laboratory colony, kept in a small plastic container with packed moist sand/soil mixture with cow manure, and allowed to produce brood balls as described previously (44) . Brood balls were collected after 8 d, and larvae were transferred to 12-well plates after 7 additional days as described in the work by Shafiei et al. (45) . Larvae and pupae were kept in an incubator at 24°C and a 16-:8-h light:dark cycle.
Cloning and Sequencing of Onthophagus Genes. Sequence information of hh, ptc, and smo was first obtained from a previously published study (28) . Briefly, RT-PCR was used to amplify cDNA fragments from O. taurus pupal male RNA samples (Table S2 shows primer sequences). Amplified fragments were subsequently cloned into pSC-A vector (StrataClone PCR Cloning Kit; Agilent). Sequencing reactions from cloned fragments were carried out using BigDye Cycle Sequencing Chemistry (Life Technologies). We were able to obtain 282-bp partial sequence fragments for hh and ptc, respectively. We used these fragments for dsRNA synthesis (see below). A 242-bp partial smo fragment for dsRNA synthesis was cloned from a putatively 2,769-bp fulllength sequence.
dsRNA Generation, Injection, and Control Treatments. To knockdown hh, ptc, and smo, dsRNA was generated as described in ref. 23 . The region of interest was amplified and cloned using the StrataClone PCR Cloning Kit followed by BigDye Sequencing (Table S2 shows primer sequences). We used 282-bp partial sequence fragments for hh and ptc. A 242-bp partial smo fragment was cloned from a putatively 2,769-bp full-length sequence. The vector containing the fragment was purified using the QIAprep Spin Miniprep Kit (Qiagen). The purified plasmid vector was used as a template for PCR with M13 primers (IDT), and the PCR product was used for in vitro transcription. Forward and reverse RNA strands were produced using the MEGAscript T7 and T3 Kit (Life Technologies) followed by DNase I treatment to remove DNA template. The synthesized RNA was precipitated by lithium, dissolved in injection buffer, denatured at 75°C for 10 min, chilled on ice, and mixed at a 1:1 ratio by weight. This mixture was incubated in a water bath at 80°C until room temperature was reached. The concentration of the annealed RNA was measured and confirmed by gel electrophoresis, and it was stored at −80°C until injection. We used a Hamilton syringe and a 32-gauge needle for injection. Amounts of injection for smo, ptc, and hh dsRNA were 0.5, 3, and 6 μg, respectively. Most larvae were injected once during the first 5 d of the final third instar, and a few larvae were injected late in the second instar. Control injections were carried out as described in the work by Moczek and Rose (14) . Briefly, we reared all of the animals under the same conditions as dsRNA-injected animals but injected them with dsRNA from a 220-bp PCR product derived from a pSC-A vector; 1 μg dsRNA was injected into larvae during the first 5 d of the final third instar.
Quantitative RT-PCR. Real-time quantitative RT-PCR was conducted to validate the effect of larval RNAi (Fig. S3 ). Larvae were injected with hh, smo, or ptc dsRNA and reared as described above. Nine hh-, smo-, and ptc-RNAi males as well as nine control-injected individuals were collected within 24 h after pupation. Total RNA was extracted using TRIzol (Sigma-Aldrich) and stored in −80°C until further use. We performed two-step quantitative RT-PCR using the QuantiTect Reverse Transcription Kit and the QuantiTect SYBR Green PCR Kit (Qiagen). Quantitative PCR was conducted with Applied Biosystems 7500 Real-Time PCR Systems (Life Technologies); 1 μg total RNA was used for the reverse transcription followed by quantitative PCR using an equivalent of 100 ng reverse-transcribed RNA for each sample (including two technical replicates). Reaction condition was as follows: 95°C for 15 min followed by 40 cycles of 95°C for 15 s, 52°C for 30 s, and 72°C for 30 s. ΔΔCt method was used to obtain relative expression levels of hh, smo, and ptc normalized against actin as an internal control (46) . Allometric Measurements. RNAi and control pupae as well as adults were measured using a 2D image analysis setup consisting of a dissecting microscope (Leica) mounted with a digital camera (Scion) and using ImageJ software (47) . Thorax width was used as the measure of pupal and adult body size. Head and thoracic horn length were measured as described in the work by Moczek (48) . Measurements were recorded to the nearest 0.01 mm.
Imaging. Beetle images in this manuscript were collected using the same setup as used for allometric measurements. For the images of animals, five to ten images with different focal planes were aligned and merged using Adobe Photoshop Creative Suite 5.
Statistical Analysis. Allometric scaling relationships of head and pronotal horns were analyzed as in previous studies (14, 23, 49) . In brief, because male head horns exhibit a strongly sigmoidal allometry, we first contrasted horn length residuals across treatment groups. Residuals were calculated as the difference between horn lengths observed in a given individual and those expected for a given individual's body size based on the scaling relationship seen in control-injected individuals modeled by a modified four-parameter sigmoid Hill equation. Two-tailed t tests were used for pairwise comparisons. Because hh RNAi but not smo RNAi individuals retained a sigmoidal scaling relationship similar in shape to that observed in control-injected individuals, we were able to further compare hh RNAi males with control-injected males by contrasting individual model parameter estimates for the y intercept, horn amplitude, threshold body size (point of inflection of the sigmoid), and slope at the point of inflection using Welch's t tests.
In contrast, because pupal thoracic (pronotal) horns exhibit linear scaling relationships, we first executed an ANCOVA with horn length as the Fig. 4 . Proposed models for the development of nutrition-dependent expression of alternative horned and hornless male morphs separated by a sharp body size threshold. (A) Results presented here suggest that (i) the Hh signal pathway negatively regulates horn growth in low-nutrition male beetles, whereas (ii) previous work implicated the somatic sex determination gene dsx in mediating nutrition-dependent exaggeration of horns under high nutrition. (B) Combined, dsx-mediated promotion of horns in highnutrition individuals and Hh-mediated inhibition of horns in low-nutrition individuals have the potential to transform ancestral, linear into strongly sigmoidal scaling relationships characterized by a bimodal distribution of male phenotypes and the establishment of a sharp allometric size threshold. dependent variable, treatment as a fixed factor, thorax width (body size) as a covariate, and treatment x thorax width as an interaction term. We first executed this analysis by including all three treatment groups and repeated it for the raw as well as log-transformed data, but we discovered significant differences in error variance among samples with both approaches. We then executed the same analysis in pairwise comparisons. Here, analysis of logtransformed data permitted pairwise comparisons between control-injected and smo
RNAi as well as between hh RNAi and smo RNAi males, respectively, but not between control-injected and hh RNAi males. Lastly, we also replicated the residual-based analysis executed for head horns for thoracic horns. We used a simple linear regression to model the allometry of control-injected males and calculated residuals as the difference between horn lengths observed in a given individual and those expected for a given individual's body size based on this regression. Two-tailed t tests were used for pairwise comparisons. For simplicity, figures show raw data only. Results from t tests are presented as t df = test statistic.
